Abstract. A field study was made of the tiller dynamics of the New Zealand perennial ryegrass (Lolium perenne L.) cultivars Grasslands Ruanui, selected from a Hawke's Bay ecotype, and Ellett, selected from the Mangere ecotype. The work tested whether nitrogen (N) fertiliser or irrigation (Irr) could manipulate the persistence strategies of these morphologically distinct perennial ryegrass ecotypes, represented by these cultivars. Tiller births and deaths, and tiller survival, were monitored over 2 years, under rotational grazing by dairy cows. Patterns of cultivar tiller birth and death were similar. Much of the temporal change in tiller population density was shown to be a response to increasing or decreasing herbage mass associated with seasonal feed surplus or deficit. The probability of tiller survival between observation dates varied markedly with date, and was lowest in autumn. The cultivar effect on tiller survival was small but a significant (P < 0.05) cultivar × date interaction was detected, with survival probability for Ellett tending to be higher than for Grasslands Ruanui in March-April 1997 but lower from July 1997 until March 1998. A cohort effect on tiller survival was also identified, in that tillers formed in January, July, and August 1997 had lower survival probability than those formed at other times. N-treated plots produced 34% more tillers than did untreated plots, and irrigation had no effect on overall tiller density. N and Irr treatments had variable effects on tiller survival. Size density compensation theory and analysis of survival probability are introduced to aid the interpretation of tiller dynamics data.
Introduction
Perennial ryegrass (Lolium perenne L.) is the most widely sown pasture grass species in New Zealand (Belgrave et al. 1990 ). The species is also widely used in most Australian states (Blumenthal et al. 1996) , especially Victoria, and in south-western Australia, coastal New South Wales and Queensland, and Tasmania (Cunningham et al. 1994) . In both New Zealand and Australia, there is an extensive literature of agronomic research into various aspects of husbandry and factors affecting performance and persistence of perennial ryegrass (e.g. Reed et al. 1987; Hunt and Easton 1989; Waller and Sale 2001) . One recent consensus is that perennial ryegrass has reduced persistence in regions where rainfall is <700 mm and where nitrogen (N) or phosphorus (P) supply is limited (Waller and Sale 2001) . Testing of some 'modern ' (released since 1975) cultivars in the Waikato region of New Zealand on a commercial farm (Edgecombe 1988 ) and a research trial (Thom et al. 1998) has also raised concerns about persistence under intensive dairy cow grazing.
Local ecotypes, like the 'Mangere' ecotype in New Zealand and 'Victorian' and 'Kangaroo Valley' ecotypes in Australia, have historically been important in cultivar development, as has the introduction of new genetic material from the Mediterranean basin and North Africa, for crossing with locally adapted material (Corkill et al. 1981; Cunningham et al. 1994) .
One line of investigation that has interested agronomists, but which has to date provided little information for plant breeders, is whether or not differences in cultivar performance traits such as yield and persistence can be linked to differences in tiller dynamics. We also wished to investigate possible cultivar differences in tiller dynamics during flowering (Matthew et al. 1993) , and to quantify the tiller dynamics of swards subject to differing nitrogen fertiliser and water availability regimes to better understand the mechanisms whereby N fertiliser and irrigation treatments improve persistence of ryegrass swards.
A field experiment was conducted over 2 years to compare the tillering patterns of the perennial ryegrass cultivars Ellett and Grasslands Ruanui, and the tillering responses to contrasting N nutrition and summer moisture deficit. Supporting single plant studies were carried out at Lusignan, France. It was considered that these particular cultivars would provide an ideal contrast for experimental purposes, since Ellett is consistently more productive, yet with a lower tiller population density than Grasslands Ruanui (Corkill et al. 1981) . Previous papers from this study have confirmed the superior productivity of Ellett (Bahmani et al. 2001) , established that the high productivity and low tiller population density of Ellett compared with Grasslands Ruanui arise from a higher leaf elongation rate in Ellett (Bahmani et al. 2000a) , and documented differences between the two cultivars in flowering behaviour (Bahmani et al. 2000b (Bahmani et al. , 2002 . This paper examines the tiller population demography of Ellett and Grasslands Ruanui ryegrass cultivars, and reports seasonal tiller birth and death rates in swards grazed by dairy cows at Hamilton, New Zealand. The experiment reported provided a suitable data set to explore possible linkages between cultivar differences in yield and persistence and differences in tiller dynamics, especially during flowering, and to quantify the mechanisms whereby N and irrigation affect ryegrass persistence and tillering patterns of these cultivars. Development of a quantitative analysis of tiller demography along with interpretative tools to distinguish tillering responses to environment from those reflecting genetic differences was also attempted.
Materials and methods

Site
The trial was located at Dexcel (formerly the Dairying Research Corporation), Hamilton, New Zealand (37°47´S, 175°19´E; alt. 40 m a.s.l.). The region is classified as warm temperate with an average air temperature of 13°C and an annual rainfall of 1276 mm. The soil was a fertile but poorly drained Te Kowhai clay loam (Typic Ortho Gley or Typic Ochraqual) (Soil Survey Staff 1990; Hewitt 1998) , supporting intensive dairying, and receiving regular maintenance dressings of potassic superphosphate. Soil pH (1:2.1 v/v water slurry) in April 1996 was 5.9.
Trial design and treatments
The trial design was a 2 × 2 × 2 split-plot factorial with main plots 6 m by 12 m of the endophyte-free perennial ryegrass cultivars Ellett and Grasslands Ruanui, randomly arranged in 4 replicate blocks. Seeds of the ryegrass cultivars were direct-drilled (10 kg/ha) on 24 April 1996, following spraying with 1.44 kg a.i./ha of glyphosate (Roundup herbicide, 36% glyphosate plus Pulse Penetrant surfactant).
Nitrogen fertiliser was applied as urea at 30 kg N/ha, following each grazing, to eight 6 m by 6 m subplots, each subplot being a randomly selected half of one of the cultivar main plots. A total of 240 kg N/ha was applied from September 1996 to May 1997 and 180 kg N/ha from October 1997 to April 1998.
Three areas (each 1.4 m by 0.7 m) within each subplot were irrigated using hand-held watering cans on 12 occasions between 26 November 1996 and 27 March 1997, and again on 12 occasions between 27 November 1997 and 20 February 1998. To determine the timing of irrigation (Irr) treatments, soil water content was monitored weekly in irrigated areas during spring and autumn and twice weekly in summer, using a time domain reflectometer with probes inserted to 150 mm depth. Soil was assumed to contain 60% water (g water/g soil dry weight) at field capacity and 28% at wilting point, as reported by Thom (1984) for a Te Kowhai clay loam supporting a ryegrass/white clover pasture in a situation similar to the current study site. These assumptions were used to calculate the amount of water required to return the uppermost 150 mm of the soil profile to field capacity at each irrigation event. In spring 1996, summer 1996-97, autumn 1997, spring 1997, and summer 1997-98 , irrigation rate applied was 22, 233, 45, 26, and 292 mm water, respectively. A metal perimeter frame, extending 8 cm above the surface of the soil around each irrigated area, was inserted 2-3 cm into the soil to prevent runoff and reduce subsurface water movement. Frames were removed after the applied water had soaked into the soil. Sampling of the unirrigated areas within 50 cm of each irrigated area was avoided.
Maintenance fertiliser, and insect and weed control
Muriate of potash was applied on 26 October 1997 at 100 kg/ha (50 kg K/ha). Triple superphosphate was applied on 23 May 1997 at 375 kg/ha (79 kg P/ha, 4 kg S/ha). Insecticide (Miral 5G, 0.5 kg of isazophos/ha) was applied after 4 grazings from September 1996 to October 1997 to control Argentine stem weevil (Listronotus bonariensis Kuschel). The trial was sprayed with 2,4-DB (1.5 L/ha) on 10 September 1997 to control flatweeds (e.g. Taraxacum officinale Weber), and ethofumesate (2 kg a.i./ha) was used on 15 April 1997 to control Poa annua L.
Grazing management
Lactating dairy cows, stocked at 3.2 cows/ha, grazed the trial for the first time on 24 September 1996. Grazing intervals, typical of those used on intensive dairy farms in the Waikato, averaged 29 days over spring 1996, 33 (summer 1996-97), 39 (autumn 1997), 70 (winter 1997), 33 (spring 1997), 47 (summer 1997-98) , and 23 days (autumn 1998). Seasons are defined in Table 1 . Grazing, when required, was by a mixed herd of Friesian and Jersey dairy cows, and was completed within one day. Herbage mass when the trial was grazed ranged from 1700 to 3000 kg DM/ha, depending on how the seasonal balance between feed supply and feed demand was affecting the farm at the time. Cows were removed when the post-grazing pasture residual was approximately 1400 kg DM/ha. Pasture cover and residual yields were visually assessed after regular calibrations (Thom et al. 1986 ).
Tiller dynamics measurements
Three circular plastic frames (64 mm diam.) were placed over randomly chosen clumps of ryegrass plants in the unirrigated area of each subplot, on the 5 September 1996. Another frame was located in each of the irrigated areas within each subplot. The frames were arranged so the drill row passed through their centre. Ryegrass clump size was visually assessed to be similar in all frames. Total number of frames was 96 until the 28 January 1997, and 64 thereafter, when one frame per sub-subplot was randomly chosen and excluded from tiller counts because of time constraints. The number of tillers within each frame was counted every 3-7 weeks (Table 1) .
On 17 September 1996, all live ryegrass tillers within each frame were counted and tagged with rings made from short lengths of coloured split plastic tubing (2-5 mm diam.). Based on visual assessment of size, these were separated into adult and daughter tillers and designated as members of age groups or cohorts a and b (Table 1) . At each assessment, new tillers that were large enough to support a tag were counted. A total of 19 further cohorts were identified at successive measurement dates (Table 1) . From the second measurement onwards, dead tillers were counted and their tags removed. Vegetative tillers that were brown and withered or had no live leaves inside the sheath were classified as dead. Reproductive tillers were classified as dead when the defoliated stem was brown and sapless and did not support new daughter tillers. Missing tillers were classified as dead, and death rates were slightly inflated as a result.
Data analysis
Data for absolute tiller birth and death rate (tillers/m 2 .day) at each observation date are presented by Bahmani (1999) . Here relative values (tillers/100 tillers.day) are given so as to correct for change in birth rate arising from differences in tiller population. Mean tiller density over the experiment was analysed using ANOVA. Tiller relative birth rate and death rate data were analysed using GENSTAT 5 (GENSTAT 5 Committee 1993), with a separate split-split-plot ANOVA for each observation period. Cultivar was the main plot treatment, N fertiliser the subplot, and irrigation the sub-subplot treatment. Within-plot frame measurements were averaged to provide the plot mean for the analysis. No data transformations were necessary.
To provide an overview of tiller survival for each tiller cohort throughout the experiment, an unpublished methodology developed by N. R. Sackville Hamilton (pers. comm.) was used. Briefly, for those 64 frames with continuous records, the probability of the tillers in each cohort of each frame surviving a particular observation period was calculated as the ratio of the number of tillers present at the start of an observation interval still present at the end of that observation period. When the observation interval was not the 'standard' observation period of 21 days, the 21-day survival probability was calculated assuming a constant daily survival rate over the interval. When there were no tillers surviving in a particular cohort in a frame for a sampling interval greater than 21 days, the tiller count for 21 days was approximated using linear interpolation.
These survival probability data were analysed using generalised linear mixed models as in Schall (1991) using the GLMM procedure with binomial error distribution and logit link in the GENSTAT (Release 6.1) statistical package. These models enable random variance components to be included in the models, allowing the nested error strata to be included in the model, analogous to the analysis of normally distributed data as a split-split-plot design.
The fixed effects tested in these models included cultivar, N, and irrigation, and their interactions, and cohort and date, and interactions with treatment factors. A term for tiller age ('juvenile' if there were fewer than 80 days since the tillers were first tagged and 'older' being the first cohort and the tillers more than 80 days from tagging) was also included in the models. Models were fitted with the cohort term included first to determine the effect of date after allowing for that of cohort, and conversely with the date term first to determine the effect of cohort. The contribution of the fixed effects in the models was determined using the ratio (Wald statistic)/(degrees of freedom) of the effect being tested. This is approximately distributed as an F statistic with d and n degrees of freedom, where d is the degrees of freedom of the fixed effect and n is the residual degrees of freedom of the stratum in which the effect is estimated. The Wald statistic was calculated ignoring terms fitted later in the model. Significance levels of the treatment effects have been determined using an F-test with the appropriate residual degrees of freedom of the stratum in which the effect was estimated and by using a reduction of the degrees of freedom by the factor 1/(t -1) where t is the number of observation times, to adapt the F-test for terms involving repeated measurements, as suggested by Greenhouse and Geisser (1959) . This gives a conservative test for these terms so exact P-values are not presented. The n.s. label is used only for treatment terms where there is no need for adjustment for repeated measurement. Terms for which there is no significance level presented are not significant using this conservative test, but the true significance level cannot be determined as they include repeat observations.
Results
Cohort survival diagrams
Following established convention for studies of this type (see e.g. Jewiss 1966; Korte 1986; McKenzie 1997a; Bahmani 1999; Hirata and Pakiding 2001) , data are presented as a series of cohort survival diagrams. These diagrams record survival of 21 age cohorts (a to u) observed between September 1996 and March 1998 for Ellett ryegrass receiving no N or Irr (Fig.1a) , Grasslands Ruanui ryegrass receiving no N or Irr (Fig. 1b) , Ellett (Fig. 1c) and Grasslands Ruanui (Fig. 1d ) receiving no N and Irr, Ellett ( Fig. 2a) and Grasslands Ruanui (Fig. 2b ) receiving N and no Irr, and Ellett ( Fig. 2c ) and Grasslands Ruanui (Fig. 2d ) receiving N and Irr. They show the persistence over time of tillers appearing between successive measurements, and the contribution, at any given point in time, of each age-cohort to the total tiller population. Survival diagrams provide an overview of the entire data set, but for clarity, selected means for total tiller population, relative tiller birth and death rate, and other parameters are also presented below.
Total tiller population
Grasslands Ruanui had a greater total tiller population density than did Ellett at all measurement dates ( Fig. 1a and b). Differences were most often significant (P < 0.05) during pasture establishment (September 1996-January 1997) and until early autumn (March 1997), after which variation increased. Analysing means across all dates showed that Grasslands Ruanui maintained more tillers than did Ellett (39695 v. 28861 tillers/m 2 , s.e.d. = 3516, P = 0.054). There was an increase in the total tiller population in response to N fertiliser throughout the experiment (cf. Fig. 1a and b with Fig. 2a and b). Differences were most often significant from early summer until mid autumn (December 1996 -April 1997 . Over the whole experiment, N-treated plots averaged more tillers than those untreated (39273 v. 29283 tillers/m 2 , s.e.d. = 2783, P = 0.012). Irrigation never affected total tiller population density, with similar overall averages for irrigated and non-irrigated areas (35825 v. 32732 tillers/m 2 , s.e.d. = 3664, n.s.). There were no significant (P < 0.05) interactions between cultivar, N, and irrigation treatments.
Tiller birth and death rates
Relative tiller birth and death rates (tillers/100 tillers.day) for the main effects of cultivar, N, and irrigation treatments for most observation intervals showed no differences (Tables 2  and 3 ). However, N did increase relative tiller birth rates in January and March 1997, coinciding with significant changes in tiller population density. Throughout the experiment, low relative tiller birth rates were observed in summer-autumn (January-February-March) of both years and in October of the second year, around the time of initiation of reproductive growth (Fig. 3) .
It is possible that a simultaneous non-significant difference in tiller birth and death might combine to give a significant increase or decrease in tiller population density. When the combined effect of tiller birth and death in the population was assessed by calculation of a population change index (Bahmani 1999) , this showed that Ellett and Grasslands Ruanui did at times respond differently to N application. In March 1997, when tiller population densities were exhibiting a seasonal decline, this decline was more pronounced in Ellett than in Grasslands Ruanui on -N plots, and more pronounced in Grasslands Ruanui than in Ellett on +N plots (Table 4) . A reversal of these cultivar differences was observed during one period of seasonal tiller population increase in December 1997 (Table 4) .
Analysis of survival probability
Mean 21-day survival probabilities ranged from 0.98 to 0.52 (Table 5 ). The variation in survival between observation dates overwhelmingly dominated the statistical analysis (Table 6) , and was marked by periods of lower survival in autumn of each year (Fig. 4a-c) . Cultivar and N effects were small by comparison and tended to be associated with specific observation periods. Wald/d.f. statistics for cultivar by date and irrigation by date interactions were significant, whereas those for cultivar and N main effects were not ( Table 6 ).
The cultivar × date interaction (Fig. 4a ) was characterised by a tendency for higher survival of Ellett than of Grasslands Ruanui tillers in autumn (March-April) 1997, followed by a period of lower survival of Ellett than of Grasslands Ruanui tillers from July 1997 to the end of the experiment. A possible N × date interaction (Fig. 4b ) and the Irr × date interaction (Fig. 4c) were more difficult to categorise but indicated that N and Irr treatments at times enhanced and at other times reduced tiller survival. Similarly, no consistent pattern was found for the cultivar × irrigation × date interaction.
The cohort effect was less dominant than the date effect but still highly significant. Excluding the later cohorts s and t (produced in late January-February 1998), which were not observed for long enough to distinguish cohort effects from date effects, tiller cohort g produced in summer (late December 1996-early January 1997) and cohorts n and o produced in winter (July and August 1997) (italicised columns, Table 5 ), had lower 21-day survival probabilities than those produced from September to December 1997 and early January 1998 (cohorts p, q, and r) (columns in bold, Table 5 ).
Discussion
Technique considerations
Population densities of marked tillers in fixed frames were typically 3-5 times higher than those at random locations in the plots. This can be attributed to purposeful placement of fixed frames on drill rows, which according to one study can increase tiller density count 3-fold, and to the stimulation of tiller births following the disturbance effect of tiller marking (Korte 1986) , among other factors. However, in similar studies (e.g. Matthew 1992; Hernández Garay 1995) it has been assumed that this would not have biased results in favour of a particular treatment, or the difference in tiller density between fixed frames and surrounding swards has not been quantified (e.g. McKenzie 1997a). The assumption that fixed frames were representative of their plots is further supported by the fact that differences in tiller population density in Figs 1 and 2 for cultivar and N effects were reflected in tiller density counts from randomly selected sward locations, reported elsewhere (Bahmani et al. 2001 n.s., Not significant (P > 0.05); *P < 0.05; **P < 0.01.
In studies of tagged tillers in fixed frames such as this, survival and birth are usually unequally represented. Survival is routinely recorded for each age cohort, whereas the number of births recorded is, in this study and in most other reported studies, a total for all age cohorts, because of the logistical difficulty of tracing the point of attachment of new tillers to a particular parent tiller (Matthew et al. 2000) .
This explains why survival probability analysis (Table 6) is relevant, but no analogous treatment of birth data is available. Even so, temporal patterns of population change are determined by the combined effect of birth and death in an observation period. Hirata and Pakiding (2001) and McKenzie (1997b) recognised this by presenting graphs or tables of 'appearance minus death', and this approach has merit. In the present study a conceptually similar population change index (Table 4) identified a difference between Ellett and Grasslands Ruanui cultivars in tiller dynamics of response to N, not evident from considering tiller birth or tiller death data alone. The different cultivar response to N in Table 4 does, however, indicate another aspect of tillering behaviour that should be quantified in tiller dynamics studies. This might be defined as 'responsiveness': the rate at which population density is able to shift upwards or downwards in response to external stimuli. In this experiment, Grasslands Ruanui was more responsive to N application than was Ellett (Table 4) .
Cultivar, N, and irrigation effects on tiller population density
On average, throughout the experiment, Grasslands Ruanui ryegrass maintained a tiller population density 38% higher than Ellett. By comparison, there was a 34% tiller population density response to N, with Irr only slightly increasing tillering (+9%). Tillering responses were highest during the first year from planting (September 1996-April 1997). 
Previous studies
It is pertinent to briefly review here the various approaches taken in previous studies of tiller dynamics. An implicit assumption in many earlier studies of tiller dynamics is that differences in tiller population density, and related differences in tiller demography, are either representative of fundamental seasonal patterns (e.g. Garwood 1969 ), or in some way linked to sward productivity and persistence (Lazenby and Rogers 1962) . To clarify more precisely how data should be interpreted, some studies have focused on seasonal patterns of change in tiller population density (Garwood 1969; Davies 1988; McKenzie 1997a) , whereas others have considered tiller bud availability and the proportion of buds used (Davies 1974; Skinner and Nelson 1992; Bos and Neuteboom 1998) . Still others have considered the contributions of primary and secondary tillers (Tallowin 1981) , and the effect of adverse environmental factors such as high air and soil temperatures (Mitchell 1953; Davies and Thomas 1983) , and soil nitrogen or soil moisture deficit (Thom et al. 1986; Harris et al. 1996) on tiller population density. Some, like L'Huillier (1987), have sought to identify grazing management guidelines that reinforce natural seasonal patterns of tillering, and hence promote sward vigour. Other factors such as severe grazing and pulling losses (Bahmani et al. 2001) could also be important. Finally, others have recognised that tiller density declines at high herbage mass (Langer 1963; Bircham and Hodgson 1983) . Simon and Lemaire (1987) showed that tiller density began to decline when the leaf area index (LAI) of intermittently defoliated swards was about 3-4. However, as mentioned in the Introduction, knowledge on tillering from studies such as these has not been widely used in plant improvement programs because, despite the wide body of knowledge about tillering relationships in grass swards briefly outlined above, we still lack tools to interpret data on tillering in a way that allows the various considerations to be integrated or quantified. In the following discussion, we explore the use of two more recently developed analytical tools, size density compensation theory and analysis of survival probability, to n.s., Not significant (P > 0.05); *P < 0.05; **P < 0.01; ***P < 0.001; no significance level, refer to Materials and methods. 
Size density compensation theory
Theoretical equations for predicting herbage mass and light effects on tiller density (Matthew et al. 1995) were organised into a model by Bishop-Hurley (1999) . A productivity index derived from this theory was closely correlated to LAI in field swards (Hernández Garay et al. 1999) . This work showed that the logarithm of tiller density and the logarithm of herbage mass are theoretically linked with a compensation ratio of 2:1, making seasonal change in herbage mass a major determinant of seasonal change in tiller population density.
In Fig. 5a and 5b, the diagonal reference line of slope -0.5 shows theoretically expected change in tiller density with change in herbage mass, and points 1-7 show the trajectory throughout the experiment, for herbage mass/tiller density co-ordinates of the experimental swards, using data averaged over 3-month seasons from spring 1996 to autumn 1998. According to Hernández Garay et al. (1999) , data points lying the same perpendicular distance from the reference line are predicted to have similar LAI and productivity and, similarly, data points that differ in their distance from the reference line have differing LAI and productivity proportionate with their distance from the line. Applying this theory to the trajectories for Ellett and Grasslands Ruanui in Fig. 5 , the extent to which seasonal herbage mass changes explain the fluctuations in tiller density is shown by the degree to which seasonal trajectories of sward co-ordinates move parallel to the reference line.
From spring 1996 moving into summer (i.e. starting at the square symbol at data point 1, at left of each trajectory, moving to data point 2; Fig. 5 ), tiller densities for both Ellett and Grasslands Ruanui increased more than would be expected from the fall in herbage mass. Since these swards had been sown only a few months previously (late April 1996) , an increase in tiller density associated with sward establishment is not unexpected. Data in Tables 2 and 3 indicate that low tiller death was more important than high Fig. 4 . Interaction between (a) cultivar and date (P < 0.05), (b) nitrogen and date (P > 0.05), and (c) irrigation and date (P < 0.05) for 21-day survival probability. 1, spring 1996; 2, summer 1996-97; 3, autumn 1997; 4, winter 1997; 5, spring 1997; 6, summer 1997-98; 7, autumn 1998 . Diagonal reference line of slope -0.5 shows theoretically expected change in tiller density with change in herbage mass. Movement of sward coordinates parallel to the reference line is predicted by the associated change in herbage mass. Movement parallel to the y-axis denotes change in sward LAI and productivity (Hernández Garay et al. 1999). tiller appearance in the tiller population density increase in spring 1996. Similarly, low tiller death rates occurred in Panicum maximum Jacq. swards in the first months after establishment (Carvalho 2002) .
Between summer 1996-97 and autumn 1997 (i.e. from data point 2, leftwards to data point 3; Fig. 5 ), the trajectory is almost parallel to the reference line. This shows that the moderate fall in tiller population density over this period (Figs 3 and 5) was accompanied by a rise in herbage mass, such that sward LAI and productivity should have changed only slightly. However, this is agronomically interesting since the summer-autumn tiller density decline can be explained in terms of low relative tiller birth at a time of high temperatures with lower than average rainfall (Fig. 3) . Declining tiller population in these conditions is consistent with other studies (Mitchell 1953; Davies and Thomas 1983; Thom et al. 1986; Harris et al. 1996; McKenzie 1997a) . Falling solar radiation levels may also have contributed (Bahmani 1999) . Hence, the analysis in Fig. 5 suggests that allowing an increase in herbage mass or sward height is one way to offset the negative effects of moderate tiller density decline in summer on LAI. This also raises the possibility that if there had not been an increase in herbage mass, there may have been an autumn flush of tiller birth in these swards, as found in other studies (Garwood 1969; Korte and Chu 1983) .
Between autumn and winter 1997 there was a fall in herbage mass without an associated increase in tiller population density (i.e. the trajectory between data points 3 and 4; Fig. 5 ). Lower winter solar radiation levels (Lorenzetti et al. 1971 ) and associated plant responses (Thomas and Norris 1981; Brereton et al. 1985) could be expected to produce such a response. We attempted to quantify the effect of reduced solar radiation in winter using Eqn 1 of Laca and Lemaire (2000) that relates incident radiation to LAI, and Eqn 2 of Matthew et al. (1995) that relates LAI to tiller population density. We calculated a theoretical downward shift in sward coordinates arising from falling light levels between late summer and winter of 0.15-0.2 log units, and the observed shift in co-ordinates (Fig. 5) was 0.205 for Ellett and 0.185 for Grasslands Ruanui. Although this calculation is subject to some assumptions, the similarity between the predicted and observed responses indicates that the potential for increased tiller population density resulting from lower herbage mass in winter (Hunt and Field 1979) was largely counterbalanced by lower light levels. However, other factors may also prevent tillering responses in winter. Houlbrooke et al. (1997) showed that as soil bulk density in the root-zone of 'compaction sensitive' ryegrasses increased from 0.9 to 1.2 Mg/m 3 , simulating increased soil compaction, their overall growth expressed in root length, herbage yield, and tiller number was reduced by about 50%. Such factors may have contributed to non-expression of tillering potential arising from low winter herbage mass.
Tiller populations increased slightly from winter to spring 1997 (Figs 1 and 2 ), but the 3-month seasonal average tiller number remained almost constant, despite a sharp rise in herbage mass in spring 1997 (Fig. 5) . Thus, the strong increase in tiller density in spring in mown swards (Korte 1986) or where grazing intensity is varied with season to maintain similar sward conditions (Hernández Garay et al. 1997; McKenzie 1997a) is not necessarily expected in farm systems where increased spring growth is not consumed by animals and accumulates as increased herbage mass.
From spring 1997 through summer 1998 (i.e. trajectory from data point 5 to data point 6; Fig. 5 ), potential existed for tiller populations to increase because of a fall in average herbage mass and higher levels of solar radiation, but they did not do so, possibly because of low rainfall in January 1998 (Fig. 3) . Then, in autumn 1998, decline in population density was much greater than in the previous autumn (leftward movement from data point 6 to data point 7; Fig. 5 ), despite substantial rainfall in February and March (Fig. 3) and a similar increase in autumn herbage mass (Fig. 5) for 1998, as compared with 1997. Thus, even after making allowance for the effects of herbage mass, temperature, and rainfall on tiller population density, the decline in tiller population density (Figs 1 and 2 ) in the final months of the experiment is unexplained. This may indicate a decline in sward vigour as these swards approached 2 years of age, and the possibility of a tiller age by cohort interaction (Table 6) is consistent with this explanation. However, the unexplained decrease in tiller population in summer 1997-98 and autumn 1998 could also be a result of fluctuation in some environmental factor not considered here.
The fact that the sward status trajectories for the 2 cultivars are similar is consistent with the low Wald statistic for cultivar differences in survival probability (Table 6) , and indicates that site factors other than cultivar, but associated with observation date (the dominant statistical effect; Table  6 ), have largely determined both trajectories. It is interesting to note that similarity in tiller dynamics for different treatments at the same site mirrors results of some other studies of grazing management effects on tillering (Korte 1986; McKenzie 1997a) . The high tiller death and associated low tiller population density in the low stocking rate treatment of L'Huillier (1987) could also have been interpreted as a herbage mass effect.
Size density compensation theory also appears useful in understanding the tiller dynamics of N responses, as McKenzie (1996) demonstrated when tiller population density increased with N application rate over the range 0-600 kg N/ha.year, whereas average tiller dry weight decreased over the same range. The question then arises as to how to assess the combined effect of these two opposing responses, increased tiller density v. decreased tiller size. Using methodology of Matthew et al. (1995) , we calculated the tiller size/density compensation slope for data in fig. 2 of McKenzie (1996) as -1.2. Since the observed slope was less negative than -1.5, this suggests that the productivity index (Hernández Garay et al. 1999) , and therefore the LAI of ryegrass swards in McKenzie's study, was increased by N, despite heavy grazing pressure. Etiolation growth † of tillers from those swards, a measure of sward vigour and level of reserves, was closely related to level of N application rate (McKenzie 1996) , and consistent with our inferred LAI increase.
Similarly, a calculation for data from the first summer of the present study also showed an increase in productivity index with N (Bahmani et al. 1997) . Conversely, it is well demonstrated from other studies, that if herbage mass response to N had not been controlled by defoliation pressure, as it was in this experiment and in the experiment of McKenzie (1996) , N application may well have resulted in decreased tiller density (Wilman et al. 1976) .
One unexpected feature of Fig. 5 , also noted by Bahmani et al. (1997) , is that the increased population density of Grasslands Ruanui compared with Ellett is greater than would be predicted from the generally lower pre-grazing herbage mass. This right-shift in the trajectory of Grasslands Ruanui (Fig. 5b) is equivalent to an increase in the productivity index of Hernández Garay et al. (1999) yet, paradoxically, Grasslands Ruanui was less productive. Such a shift in the tiller size/density trajectory would be expected if Ellett had some fundamental ecophysiological difference, such as a higher photosynthetic rate, leaf:stem ratio, or shoot:root ratio than Grasslands Ruanui. This possibility remains to be investigated.
In summary, changes in tiller population density may not be regarded as a measure or determinant of sward vigour, unless environmental and other factors are first adjusted for. For data in Figs 1 and 2 , size-density compensation theory was an effective analytical tool to adjust the tiller population density data for effects such as change in herbage mass, seasonal change in light and moisture, and application of N. Size-density theory was not completely effective in this case, in correcting for the effect of smaller tiller size arising from lower leaf elongation rate in Grasslands Ruanui, indicating an area for further research.
Survival probability analysis
The analysis of survival (Table 6 ) allows the entire data set represented by Figs 1 and 2a-d to be considered in a single statistical analysis, and the comparative size of various treatment (cultivar, N, Irr), plant-related (cohort, tiller age), and experimental (date) effects and their interactions to be quantified. One earlier approach, which has laid the groundwork for the development of the present analysis, has been to fit exponential decay curves for the various tiller cohorts (Korte 1986; Hirata and Pakiding 2001) . One advantage of the survival probability analysis used here, over the exponential decay model, is that the latter model necessarily assumes a constant survival probability throughout the life of a cohort, and so would not have detected the date effect that formed the largest single feature in the present analysis (Table 6) . It is acknowledged, however, that further development of the survival probability analysis would be desirable. In particular, as mentioned above, the current analysis provided only approximate (conservative) tests for terms in the analysis subject to repeat measures effects.
As far as the authors are aware, a comparable statistical overview of previous tiller demography data sets has not been available. The salient finding from this overview for this experiment has been that differences in tiller survival from one observation period to the next, far outweighed cultivar, N, and Irr effects on tiller survival. This is intuitively unexpected, but important to future understanding of how tiller dynamics data are used. However, this result is consistent with the finding that changes in tiller population density throughout the experiment could be largely explained by the effect of seasonal events and consideration of size density compensation theory ( Fig. 5a and b) , and consistent with the view that tiller population density fluctuation is the major mechanism for regulation of sward LAI (Matthew et al. 1995) .
Notwithstanding the very large observation date effect, survival probability analysis has also provided agronomic insight. Firstly, the cultivar × date interaction (Table 6 , Fig. 4a ) is potentially important information in selection of cultivar parent material, since decrease in survival probability with time may well indicate decreased persistence. Indeed, there have been observations that other ryegrass cultivars based on the Mangere ecotype do not show the same persistence as older cultivars (Edgecombe 1988; Thom et al. 1998 ). However, in contemplating possible commercial applications of such data, there is a need to consider the logistics of data collection. Possibly, shorter-term observations of survival probability at, say 3 years from establishment, might be a useful selection criterion obtained with realistic labour costs. Alternatively, further work might focus on identification of a genetic marker associated with high tiller survival post-establishment, so that marker-assisted selection techniques could be employed to identify desirable plants.
Secondly, one objective in the current work was to confirm suspected cultivar differences in perennation strategy (Matthew et al. 1993) . Survival probability analysis does not support a view that Grasslands Ruanui and Ellett ryegrasses have substantially different perennation strategies, although there are differences in flowering behaviour (Bahmani et al. 2000b (Bahmani et al. , 2002 . In hindsight, and with the availability of further information, difference in defoliation intensity and frequency and resulting effects on percentage of tillers flowering (Bahmani et al. 2002) might well explain most of the tillering behaviour differences between experiments, suspected by Matthew (1992) to be a cultivar effect.
Thirdly, survival probability analysis shows that although N (and to a lesser extent Irr) increased herbage accumulation (figs 2 and 3 in Bahmani et al. 2001) , these positive effects of N and Irr were counterbalanced by periods when reduced tiller survival was observed (Fig. 4b and c) . Given that small differences in tiller survival act cumulatively over time and, together with differences in tiller appearance, can produce large differences in tiller population (Figs 1 and 2) , further information on interactions of this type will be of interest in future studies, especially if time required for data collection can be reduced and improved statistical methods developed for testing repeat measures effects.
Finally, survival probability analysis identified cohorts g, n, and o with lower survival than the norm and cohorts p, q, and r with higher survival. The latter effect may be an artefact arising from the fact that measurements for cohorts p, q, and r cover only the first few months of their lives. Comparisons of survival probability data for cohorts a-g using their complete lifespan (Table 5) , illustrate this possibility. Cohorts a-g exhibited lower survival in their last 3 months than in their first 3 months of life. Similarly, Colvill and Marshall (1984) observed decreased longevity of tillers produced during flowering, and in the study of Korte (1986) , the shortest half-life observed (36 days) was for tillers produced just before flowering and at a time of high population density (late winter-early spring). The flowering stress effect in early summer of the first year (cohort g) would have been offset by the fact that tiller density had not reached its final value (Figs 1, 2, 5 ). Reduced survival of cohort g, produced in late December-early January 1997, suggests that any factor that places stress on adult tillers (under warm, dry conditions; Fig. 3 ) is likely to also affect survival of tillers recruited into the population during the stress period, and that tiller longevity is not so much reduced by a single stress factor, as by a coincidence of stress factors. This is not necessarily inconsistent with the higher survival observed for tillers produced in summer 1997-98 since, as mentioned above, the experiment was discontinued before long-term survival of those particular cohorts could be assessed.
The survival probabilities obtained from this analysis would also be directly useful in any future modelling work in tiller population dynamics, either using matrix algebra (Usher 1972) or differential equation techniques (Louie et al. 1998 ). Such models are potentially able to define stability thresholds where it is biologically impossible for low tiller survival to be matched by a compensatory increase in birth, because there are insufficient new buds available.
Understanding of such stability thresholds could also be useful in defining why some swards do not persist.
Conclusions
The cultivar Grasslands Ruanui (Hawke's Bay ecotype) showed a consistent increase in tiller population density compared with Ellett (Mangere ecotype), and an unexplained shift in tiller size-density coordinates. However, contrary to earlier hypotheses, there were not major cultivar differences in tiller dynamics. A tiller survival probability analysis was overwhelmingly dominated by a date effect, which is interpreted as indicating site-specific influences on tiller population density common to both cultivars. Seasonal herbage mass change and summer moisture deficit could account for much, but not all of these observation date differences in tiller survival. Two analytical methodologies were utilised here: size-density compensation theory was used for interpretation of tiller population density change, and survival probability analysis to quantify and overview tiller demography data. These methodologies show promising results and merit further investigation.
